In contrast to the negative feedback of angiotensin II (ANG II) on juxtaglomerular renin, ANG II stimulates renin in the principal cells of the collecting duct (CD) in rats and mice via ANG II type 1 (AT 1R) receptor, independently of blood pressure. In vitro data indicate that CD renin is augmented by AT 1R activation through protein kinase C (PKC), but the exact mechanisms are unknown. We hypothesize that ANG II stimulates CD renin synthesis through AT 1R via PKC and the subsequent activation of cAMP/PKA/CREB pathway. In M-1 cells, ANG II increased cAMP, renin mRNA (3.5-fold), prorenin, and renin proteins, as well as renin activity in culture media (2-fold). These effects were prevented by PKC inhibition with calphostin C, PKC-␣ dominant negative, and by PKA inhibition. Forskolin-induced increases in cAMP and renin expression were prevented by calphostin C. PKC inhibition and Ca 2ϩ depletion impaired ANG II-mediated CREB phosphorylation and upregulation of renin. Adenylate cyclase 6 (AC) siRNA remarkably attenuated the ANG II-dependent upregulation of renin mRNA. Physiological activation of AC with vasopressin increased renin expression in M-1 cells. The results suggest that the ANG II-dependent upregulation of renin in the CD depends on PKC-␣, which allows the augmentation of cAMP production and activation of PKA/CREB pathway via AC6. This study defines the intracellular signaling pathway involved in the ANG II-mediated stimulation of renin in the CD. This is a novel mechanism responsible for the regulation of local renin-angiotensin system in the distal nephron.
IN ANGIOTENSIN II -(ANG II) dependent hypertension, the intrarenal ANG II content is greater than can be explained from the levels found in plasma (30, 31) . High intrarenal ANG II levels can be partially explained by enhanced ANG II type 1 receptor (AT 1 R)-mediated uptake of ANG II (10) . Augmentation of proximal tubule angiotensinogen (AGT) synthesis and secretion is responsible for increased local intratubular ANG II generation (21) . The presence of AGT in the urine indicates that AGT traverses the distal nephron segments where it may then be cleaved to ANG I, if an adequate source of renin is available.
In addition to the juxtaglomerular cells (JG), renin expression has been described in the proximal tubules, connecting tubules, and cortical and medullary collecting duct (CD) cells from the mouse, rat, and human kidney (39, 44) . In contrast to JG cells, in the principal cells of the CD renin is upregulated by ANG II (36) , via an AT 1 R-mediated mechanism (37) , which is independent of blood pressure (35) . In ANG II-dependent hypertensive rats with marked plasma renin activity (PRA) suppression, increased urinary levels of renin and prorenin reflect their augmented secretion by CD cells into the luminal fluid (26) . In this model of experimental hypertension, intraluminal conversion of ANG I to ANG II in the CD is supported by the local presence of angiotensin-converting enzyme (ACE) protein levels (12, 13) , as well as its ACE activity in CD fluid and urine (3) . Collectively, the presence of ACE, AGT, and renin in the distal nephron segments contributes to elevate intratubular ANG I and ANG II generation during ANG II-dependent hypertension. Increased intrarenal ANG II may directly stimulate epithelial sodium channel (ENaC) activity in the CD, thus contributing to overall enhanced sodium reabsorption and the development of hypertension (22, 27, 34) .
It is well-known that cyclic adenosine monophosphate (cAMP) signaling is the main stimulatory pathway in the regulation of renin in JG cells (19) . The second messenger cAMP produced by adenylate cyclase (AC) activates protein kinase A (PKA). The free catalytic subunits of PKA translocate to the nucleus and phosphorylate transcription factor cAMP responsive element binding (CREB) protein turning on renin gene transcription (23) . ANG II inhibits JG renin synthesis via AT 1 R through inhibition of cAMP and augmentation of intracellular Ca 2ϩ (5, 20) levels and PKC activity (29) . In contrast, in primary cultured rat inner medullary CD (IMCD) cells and mouse cortical CD cells (mpkCCDc14), ANG II increases intracellular cAMP levels (24, 25) . Although recent evidence suggests that ANG II increases renin gene expression in rat IMCD via a PKC-dependent mechanism (9) , the specific intracellular signaling mechanism involved in the ANG II-dependent stimulation of renin synthesis and secretion has not been fully elucidated. Furthermore, the roles of PKC on cAMP production and the activation of PKA/CREB pathway on the regulation of renin in CD cells remain unclear. In the present study, we tested the hypothesis that ANG II stimulates CD renin synthesis through AT 1 R-mediated PKC and subsequent activation of cAMP/PKA/CREB pathway.
METHODS
M-1 cell culture and reagents. M-1 cells were cultured as previously described (17) . ANG II was used at a concentration of 100 nmol/l and vehicle (PBS at pH 7) was used as control. Cells were harvested after 6 h of treatments either with candesartan (1 mol/l), H89 (PKA inhibitor; 1 mol/l), IBMX (3-isobutyl-1-methylxanthine, 1 mmol/l), or calphostin C (PKC inhibitor; 10 nmol/l). A doseresponse curve for different concentrations of forskolin was done and maximal cAMP accumulation was obtained at 1 and 10 M ( Table 1) .
The following experiments were done at 1 mol/l.
Immunofluorescence studies. M-1 cells were fixed in cold methanol blocked and stained with either rabbit anti-aquaporin-2 (cat. no. 178612, Calbiochem, San Diego, CA), rabbit anti-renin (sc H-105, Santa Cruz Biotechnology, Santa Cruz, CA), and detected with Alexa Fluor 594 conjugated to anti-rabbit IgG (Invitrogen, Carlsbad, CA). Samples were counterstained with 4=,6-diamidino-2-phenylindole (DAPI; Invitrogen). Negative controls were obtained by omission of the specific primary antibody.
Plasmids and transfection. The expressing plasmids of PKC-␣ dominant negative mutant were constructed as described previously (43) . M-1 were transfected with PKC-␣ dominant negative plasmids (Addgene plasmid 21235, Cambridge, MA) using Lipofectin (Lipofectin reagent; Invitrogen). A similar transfection protocol was followed before ANG II treatment with AC6-siRNA (cat. no. SI00165928, Qiagen, Valencia, CA).
RNA isolation and real-time quantitative PCR. Total RNA was extracted and transcribed to cDNA. Primers and probes used to amplify renin mRNA were as follows: Forward: 5=-AGT-ACT-ATG-GTG-AGA-TCG-GCA-TT-3=, Reverse: 5=-AGA-TTC -ACA-ACC-TCT-ATG-ACT-CCT-C-3= and fluorogenic probe: 5=6-FAM-TTC-AAA-GTC-ATC-TTT-GAC-ACG-GGT-TCA-G-BHQ1-3 . Mouse ␤-actin gene was used as an internal standard: Forward: 5=-ATC-ATG-AAG-TGT-GAC-GTT-GA-3=; Reverse: 5=-GAT-CTT-CAT-GGT-GCT-AGG-AGC-3= and fluorogenic probe; 5=-6-HEX-TCT-ATG-CCA-ACA-CAG-TGC-TGT-CTG-GT-BHQ2-3=. Results are presented as a ratio between the levels of mRNA of the interest gene against ␤-actin.
Western blot analysis for phospho-CREB, total CREB, prorenin, and renin. Twenty micrograms of total protein were separated and transferred to a nitrocellulose membrane (Invitrogen). Anti-phospho-CREB and total CREB were obtained from Cell Signaling (Danvers, MA). For prorenin and renin detection, a polyclonal IgG B-12 antibody was used (Santa Cruz Biotechnology). Results were expressed as the ratio between the abundance of the protein of interest and ␤-actin. Recombinant mouse prorenin (AnaSpec, Fremont, CA) and renin (Lee Biosolutions, St. Louis, MO) were used as standards.
Renin content in cell culture media. Renin content in cell culture media was determined by using modified protocols from the PRA assay [GammaCoat Plasma Renin Activity 125I RIA kit (DiaSorin, Stillwater, MN)] as previously described (8) .
cAMP levels and PKC activity measurements. The cAMP levels of M-1 cells were determined with cAMP ELISA (Cayman, Ann Arbor, MI) according to the manufacturer's instructions. PKC activity was assessed using a PKC kit (ADI-EKS-420A; Enzo Life Sciences, Ann Arbor, MI) in the cell lysates and calculated as PKC activity ϭ 
RESULTS

M-1 collecting duct cells express prorenin and renin.
Previous studies indicated that CD cells mainly express prorenin (9, 17) . A Western blot was used to establish the protein band identity using recombinant mouse prorenin and renin. We observed a predominant band of 45 kDa, corresponding to the prorenin molecular migration pattern, and a 38-kDa band, which was consistent with renin standard (Fig. 1A) . In an additional experiment, microdissected mouse renal inner medullary homogenates were loaded and probed against renin antibody and compared with M-1. As observed in Fig. 1B , the pattern was similar, according to the molecular weight standard.
ANG II stimulates renin mRNA, prorenin-renin protein expression, and renin activity in culture media. Figure 1C shows that both prorenin and renin protein levels were augmented by ANG II (100 nmol/l) after 6 h (prorenin: ANG II: 1.7 Ϯ 0. , P Ͻ 0.05; Fig. 1E ). Augmentation of renin mRNA was completely prevented by candesartan (ANG II ϩ candesartan: 0.9 Ϯ 0.5 vs. control: 0.8 Ϯ 0.2, P nonsignificant).
ANG II-mediated increase in intracellular cAMP levels depends on PKC activity. Figure 2A shows that ANG II significantly increased cAMP levels compared with controls, starting at 1 min and reaching a peak at 30 min (290 Ϯ 26 pmol/mg, P Ͻ 0.05). Then, we tested whether ANG IIdependent cAMP accumulation or forskolin-mediated increases in intracellular cAMP depend on PKC activity. Table 1 shows a cAMP dose-response curve against different concentrations of forskolin and Table 2 summarizes cAMP levels among different treatments at 30 min of incubation. ANG II-dependent increases in cAMP were completely suppressed by calphostin C and candesartan (AT 1 receptor blocker). We next used a phosphodiesterase inhibitor (IBMX). As expected, IBMX increases cAMP; however, no further increases were observed in ANG II ϩ IBMX group. To determine whether cAMP levels are correlated with prorenin and renin protein levels, we performed a Western blot. As shown in (Fig. 2C) . Regardless, the apparent cAMP accumulation observed in ANG IIϩforskolin, prorenin and renin levels was not different from ANG II or forskolin alone (data not shown). Because ANG II and IBMX increase cAMP levels to a similar extent and the combination of both drugs does not produce additive effects, we further assessed the possibility that ANG II may act via inhibition of cAMP degradation, using a combined treatment of IBMX and forskolin. This combined treatment elicited an additive effect on cAMP levels compared with foskolin or IBMX alone (Table 2) . PKA inhibition prevented the ANG II-dependent upregulation of renin. To further confirm that PKA is involved in the AT 1 R-mediated signaling pathway responsible for renin upregulation, we treated the M-1 cells with the PKA inhibitor H89 20 min before ANG II. H89 blunted the ANG II-mediated upregulation of renin mRNA (Fig. 3A) , prorenin and renin protein (Fig. 3B) . The same effect was observed for renin activity in cell culture media (Fig. 3C) .
PKC-␣ dominant negative prevented CREB phosphorylation and renin upregulation in response to ANG II treatment. To further confirm the role of PKC on renin expression in CD, we performed a Western blot analysis of renin and CREB in M-1 cells treated with ANG II or ANG II plus calphostin C. Because PKC-␣ is a predominant isoform in the CD, we tested whether this isoform is involved in the AT 1 R downstream pathway. As shown in Fig. 4A , CREB phosphorylation was augmented after 30 min of ANG II treatment (3.2 Ϯ 0.6 vs. 1.00 Ϯ 0.14, P Ͻ 0.05). This effect was blunted by calphostin C, an inhibitor of classic and novel PKC isoforms. Because PKC-␣ is the dominant isoform present in the CD, we tested the effect of a PKC-␣ dominant negative on CREB phosphorylation and renin expression. Transfections with PKC-␣ suppressed ANG II-mediated CREB phosphorylation. Both treat- Data are means Ϯ SE. Summary of cAMP levels in response to ANG II (30 min), ANG II ϩ AT1 receptor blocker candesartan (Cand), ANG II ϩ calphostin C (PKC inhibitor), forskolin (adenylate cyclase activator), IBMX (phosphatase inhibitor), IBMXϩforskolin, PKA inhibitor H89, and or forskolin ϩ calphostin C. Inhibitors were added 20 min before ANG II or forskolin treatments. *P Ͻ 0.05, †P Ͻ 0.01, ‡P Ͻ 0.001 vs. vehicle (control), n ϭ 4 -5. and prorenin-renin protein levels (B) were induced by ANG II; however, H89 (PKA inhibitor) prevented this effect. C: similar effect was seen when we analyzed renin activity in cell culture media. *P Ͻ 0.05 vs. vehicle-treated group.
ments also prevented the effects of ANG II on renin mRNA and prorenin and renin protein levels (Fig. 4, B-C (not shown), PKC activity (Fig. 5A ), CREB phosphorylation (Fig. 5B) , and prorenin and renin protein levels (Fig. 5C ). Thapsigargin, a noncompetitive inhibitor of the sarco/endo- plasmic reticulum Ca 2ϩ -ATPase (SERCA), increased intracellular Ca 2ϩ levels; however, it did not alter prorenin and renin protein levels (Fig. 5D) .
ANG II-dependent renin mRNA upregulation depends on AC6. AC6 is the most abundant isoform in the CD (4, 14, 40, 41) . As shown in Fig. 6A , AC6-siRNA partially suppressed the effect of ANG II on renin upregulation (scramble-siRNA: 1.00 Ϯ 0.18; ANG II: 3.12 Ϯ 0.55; AC6-siRNA: 1.12 Ϯ 0.15; ANG II ϩ AC6-siRNA: 1.78 Ϯ 0.12), indicating that AC6 is involved, at least in part, in the downstream pathway mediated by the activation of AT 1 R.
Physiological stimulation of cAMP/PKA/CREB pathway with vasopressin causes the upregulation of prorenin and renin in M-1 cells. We further used vasopressin treatment as a maneuver to physiologically increase intracellular cAMP. We evaluated whether V2 receptor-dependent activation of cAMP/ PKA/CREB pathway stimulates renin expression in M-1 cells. As shown in Fig. 6B , vasopressin (10 Ϫ7 mol/l) significantly increased prorenin band (2.51 Ϯ 0.41 vs. control: 1.00 Ϯ 0.15, P Ͻ 0.05) and renin band (1.56 Ϯ 0.31 vs. control: 1.00 Ϯ 0.20, P Ͻ 0.05); no stimulation was observed at lower concentrations in M-1 cells (data not shown). Prorenin-renin immunostaining in punctuated pattern parallels with the increased intensity and plasma membrane localization of aquaporin (AQP)-2 (Fig. 6C) .
DISCUSSION
The present study unravels the intracellular pathway by which ANG II stimulates renin synthesis and secretion by the principal cells in the CD. The potent stimulatory effect of ANG II on renin expression in the principal cells involves the activation of AT 1 R and downstream signaling via PKC and cAMP/PKA/CREB pathways. The functional importance of the findings reported in the present study was confirmed by the demonstration that ANG II mediated increased renin activity in the cell culture media of M-1 cells. Importantly, we demonstrated that the stimulation of cAMP production depends on the activation of Ca 2ϩ -dependent PKC-␣. Renin is primarily synthesized by the JG cells; however, its production has also been found in the principal cells of the CD. Augmented renin synthesis in the CD of animal models of hypertension (9, 17, 35) and diabetes (17) suggests that distal tubular renin plays a critical role in the regulation of intratubular RAS activity (46) . In the JG cells, the augmentation of intracellular cAMP levels constitutes the central stimulus for renin gene expression (19, 23) . In these cells, the initial activation of a G protein-coupled receptor stimulates cAMP generation, PKA activation, and CREB phosphorylation, leading to enhanced renin gene expression (7, 19) . In contrast, pharmacological increases in intracellular Ca 2ϩ concentration by thapsigargin inhibit renin gene expression in a time-and concentration-dependent manner and this effect is prevented by BAPTA-AM (20) . Ortiz-Capisano et al. (32) demonstrated that intracellular cAMP content was increased markedly with BAPTA-AM in JG cells. The activity of AC is responsible for cAMP generation and the Ca 2ϩ -inhibited AC5 and AC6 isoforms are present in JG cells (7, 32) . Thus, it is proposed that Ca 2ϩ decreases the generation of cAMP by the Ca 2ϩ -inhibited isoforms of AC, which results in the reduction of cAMP content and renin synthesis in JG cells. As part of the negative feedback, ANG II-dependent PKC activation downregulates the expression of renin in JG cells (29) . Phorbol 12-myristate13-acetate (PMA), a PKC activator, augments PKC activity and decreases renin expression in JG cells (29) . In contrast to the inhibitory effect that ANG II exerts on renin in JG cells, in the present study, we demonstrated that ANG II increases prorenin and renin synthesis and release by the CD cells (9, 17, 36) . In vitro studies using a CD cell line and primary cultures of IMCD cells showed that ANG II also upregulates renin synthesis (17) and that AT 1 R antagonists blunted this effect (37) . Although commercially available AT 1 R antibodies have been suggested to be nonspecific for AT 1 R (16), there is immunohistochemical and functional data suggesting basolateral and apical membrane distribution of the AT 1 R in the CD (15, 34) . Then, AT 1 R may be involved in intratubular ANG II stimulation by both apical and basolateral sides (Fig. 7) . Further studies using permeable supports are necessary to explore this possibility and subcellular distribution of prorenin or renin in response to ANG II. ANG II-mediated upregulation of prorenin and renin protein levels is prevented by PKC inhibition (9) . We previously showed that the PKC activator PMA mimicked the effect of ANG II in rat primary cultured IMCD cells (9) . In these cells and mpkCCDc14 cells, ANG II treatment increases intracellular cAMP levels (24, 25) , an effect that is prevented by PKC inhibition with staurosporin (24) . The PKC enzymes are a family of at least 12 isoforms with different structures, substrate requirements, and expression (47) . They are divided into three groups: conventional PKCs that are Ca 2ϩ -dependent and activated by DAG, novel PKCs that are Ca 2ϩ -independent and activated by DAG, and atypical PKCs that are also Ca 2ϩ -independent and do not require DAG activation (47) . In this study, we demonstrate that the ANG II stimulation of CD renin occurs via a Ca 2ϩ -dependent PKC and that increases in intracellular Ca 2ϩ are not enough to enhance prorenin or renin expression. PKC-␣ is the most abundant isoform present in renal CD cells (33) . We used a PKC-␣ dominant negative, which expresses mutated nonfunctional PKC-␣, competing with the normal isoforms to specifically suppress PKC-␣ activity. The decreases in renin transcript levels and prorenin and renin protein abundances in response to PKC pharmacological inhibition and PKC-␣ dominant negative indicate that the PKC-␣ isoform is involved in the stimulation of cAMP/PKA/ CREB pathway responsible for renin synthesis in M-1 cells. In IMCD cells, ANG II treatment increased AQP-2 expression through CREB activation (24, 25) . Furthermore, the marked augmentation of CREB phosphorylation after ANG II treatment suggests that ANG II stimulates renin gene via the activation of CREB in M-1 cells. In PKC-␣ knockout mice, the phosphorylated CREB levels are significantly decreased compared with that of wild-type (45) . It is possible that in M-1 cells, PKC either phosphorylates and activates CREB directly (45) or by increasing the AC6 activity (1, 2, 18) .
ANG II-mediated effect on CD renin synthesis also depends on PKA activation because H89 completely suppressed this effect. This is consistent with the robust increase in intracellular cAMP and CREB phosphorylation after ANG II treatment. By raising intracellular cAMP levels with forskolin, we were able to increase renin mRNA (ϳ9-fold) and prorenin and renin protein abundances (ϳ3-fold) levels. Interestingly, the upregulation of prorenin and renin induced by forskolin was dependent on PKC activity. role of cAMP in regulation on renin expression. Intracellular cAMP levels are determined by the balance between the generation via AC and the degradation by phosphodiesterases. It is likely that either the ANG II-mediated augmentation of intracellular Ca 2ϩ or PKC activity both inhibit cAMP degradation by impeding the action of PDE (Fig. 7) . Thus, we used IBMX, a phosphodiesterase inhibitor, to distinguish between effects of ANG II on cAMP formation or degradation. The IBMX treatment increased cAMP levels; however, the combination of IBMX with ANG II caused a slight but not significant increase in cAMP compared with each treatment alone ( Table 2 ). This treatment did not show further increases in prorenin or renin abundances (Fig. 2C) . To further examine this possibility, we performed experiments combining IBMX plus forskolin. As shown in Table 2 , IBMX plus forskolin treatment remarkably increased cAMP levels. Another possibility for the modulatory effect of ANG II on AC could involve phosphorylation of another component of the system, including Gs and/or Gi protein by PKC activation (42) . In fact, it has been suggested that PKC can directly phosphorylate CREB (28) .
As a maneuver to increase AC activity in M-1 cells, we used vasopressin, a known physiological stimuli for cAMP-mediated increase for AQP-2 abundance in plasma membrane. Vasopressin increased prorenin and renin abundance, plasma membrane AQP-2, and cAMP levels (198 Ϯ 30 vs. 38 Ϯ 12 pg/mg, P Ͻ 0.05). The upregulation of AQP-2 would parallel the enhancements of renin expression, water reabsorption, and intratubular ANG II formation. These data agreed with our results demonstrating that silencing of AC6 leads to a reduction in the ANG II-dependent stimulation of renin synthesis, thus indicating that AC6 is required for the ANG II signaling in CD cells. Future studies using AC6 knockout mice will provide further inputs on the role of AC6 in the ANG II-mediating increases in cAMP and CD renin.
Mice overexpressing renin in the CD exhibit high blood pressure (38) . Upregulation of renin synthesis and secretion in ANG II-induced hypertensive rats (26) and mice (11) indicate that CD renin plays an important role in modulating blood pressure and further support the concept that CD renin contributes to the generation of intratubular ANG II and stimulation of distal sodium transport (34, 48) . Furthermore, the presence of the (pro)renin receptor in distal segments also suggests that prorenin and renin may be anchored by this receptor in neighboring cells, thus activating intracellular signaling pathways that have been related to tissue damage (8) . Therefore, the development of renin inhibitors with better penetration into the distal tubular segments (6) could be of clinical relevance for a better control of hypertension and its related consequences.
In conclusion, the present study defines the intracellular signaling mechanism by which ANG II/AT 1 R stimulates renin in the CD. We demonstrate that in these cells, a Ca 2ϩ -dependent PKC is required for the ANG II-induced stimulation of renin synthesis and secretion via augmentation of cAMP mediated by AC6, as well as PKA activation, and CREB phosphorylation, which turns on the renin gene. This is a novel pathophysiological mechanism that regulates the local RAS in the distal nephron.
